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Sixteen different types of sous vide-processed products were evaluated for safety with respect to nonproteo-
lytic group II Clostridium botulinum by using challenge tests with low (2.0-log-CFU/kg) and high (5.3-log-CFU/
kg) inocula and two currently available predictive microbiological models, Food MicroModel (FMM) and
Pathogen Modeling Program (PMP). After thermal processing, the products were stored at 4 and 8°C and
examined for the presence of botulinal spores and neurotoxin on the sell-by date and 7 days after the sell-by
date. Most of the thermal processes were found to be inadequate for eliminating spores, even in low-inoculum
samples. Only 2 of the 16 products were found to be negative for botulinal spores and neurotoxin at both
sampling times. Two products at the high inoculum level showed toxigenesis during storage at 8°C, one of them
at the sell-by date. The predictions generated by both the FMM thermal death model and the FMM and PMP
growth models were found to be inconsistent with the observed results in a majority of the challenges. The
inaccurate predictions were caused by the limited number and range of the controlling factors in the models.
Based on this study, it was concluded that the safety of sous vide products needs to be carefully evaluated
product by product. Time-temperature combinations used in thermal treatments should be reevaluated to
increase the efficiency of processing, and the use of additional antibotulinal hurdles, such as biopreservatives,
should be assessed.
The term “sous vide” means “under vacuum” and describes
a processing technique whereby freshly prepared foods are
vacuum sealed in individual packages and then pasteurized at
time-temperature combinations sufficient to destroy vegetative
pathogens but mild enough to maximize the sensory charac-
teristics of the product (39, 40). After cooking, the products
are chilled, stored refrigerated, and reheated before consump-
tion. Sous vide foods are mainly used in mass catering and
restaurants (30). Compared with traditional cooking methods,
sous vide has many advantages (40, 42). Economic benefits
include better use of labor and equipment through centralized
production and extended shelf life due to vacuum packaging,
which by excluding oxygen inhibits oxidative processes and
growth of spoilage organisms. The shelf life of a sous vide
product can be as long as 42 days (42). In addition, the reduced
need for preservatives and flavor enhancers, better preserva-
tion of vitamins, and retention of most of the original food
juices all contribute to higher quality of sous vide foods over
conventional meals.
Concerns associated with sous vide processing involve the
microbiological safety of the products (40). The psychrotrophic
food-borne pathogens and particularly nonproteolytic group II
Clostridium botulinum bacteria are of concern due to the meth-
ods of preparing, distributing, and storing these products. Mild
heat treatments in combination with vacuum packaging may
actually select for C. botulinum and increase the potential for
botulism. Sous vide products are generally formulated with
little or no preservatives and frequently do not possess any
intrinsic inhibitory barriers (pH, aw, or NaCl) that either alone
or in combination would inhibit growth. Therefore, strict ad-
herence to refrigerated storage below 3.3°C must be main-
tained to ensure the safety of sous vide products with respect to
nonproteolytic C. botulinum (1). However, the temperature
control in chill chains is often inadequate, and temperature
abuse is common throughout distribution and retail markets
and by consumers (8, 16, 27).
Recent research has identified combinations of mild heat
treatment and subsequent refrigerated storage that, when com-
bined with a specified shelf life, provide a defined safety mar-
gin with respect to nonproteolytic C. botulinum (10, 15, 46).
Based on these research results, the Advisory Committee on
the Microbiological Safety of Food (1) recommended certain
procedures to ensure the safety of refrigerated processed foods
of extended durability. According to these recommendations,
heat treatments or combination processes should reduce the
number of nonproteolytic C. botulinum bacteria by a factor of
106 (a 6-decimal [6-D] process). However, the capability of a
combination process to consistently prevent growth and toxin
production by C. botulinum in a particular product must be
reliably demonstrated.
There are two main approaches that can be used to evaluate
the stability and the safety of a product with respect to food-
borne pathogens. Traditionally, the effect of thermal process-
ing on pathogenic microorganisms, as well as the risk of their
growth and possible toxin production in foods, has been de-
termined through the use of inoculated pack studies. Now,
however, there are too many products, alternate ingredients,
and process variations to conduct a complete laboratory eval-
uation of each possible contingency and potential food-borne
pathogen for each product. Therefore, predictive food micro-
biology, the modeling of microbial populations, particularly
those of food-borne pathogens, has become an active field of
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research. Predictive models are equations which can use the
information from a large database to predict inactivation or
growth of microorganisms under defined conditions. However,
current models cannot be used with confidence until their
validation in various foods is tested by comparing the predic-
tions to data obtained from inoculated pack studies (47).
The present study was performed to evaluate the safety of 16
different types of sous vide-processed products with respect to
nonproteolytic C. botulinum. The efficiency of thermal pro-
cesses to inactivate botulinal spores and the subsequent effect
of mildly abusive storage temperatures on C. botulinum out-
growth and toxigenesis were studied by using inoculated pack
studies and two currently available predictive microbiological
programs.
MATERIALS AND METHODS
Products. Sixteen sous vide-processed products of various types were evalu-
ated for safety with respect to nonproteolytic C. botulinum. The details of the
products are described in Table 1. The ingredients of each product were obtained
from local processors and were transported to the laboratory in refrigerated
vacuum packages at 2°C.
Product inoculation and vacuum packaging. A mixture of five nonproteolytic
C. botulinum strains was used in the inoculum: three type E strains (31-2570 E,
4062 E, and C-60 E), one type B strain (706 B), and one type F strain (FT 10 F).
The strains were of North American and European origin and were isolated from
seafood and meat products between the 1960s and the 1980s. The spore suspen-
sions of individual strains were prepared according to the method recommended
by the Food and Agricultural Organization (12), and the concentration of each
spore suspension was determined as described by Doyle (9). The spore mixture
used for inoculation contained an equivalent number of non-heat-shocked spores
of each strain diluted in sterile distilled water; 5 ml of dilution contained the
required spore load for one sample. Low (2.0-log-CFU/kg) and high (5.3-log-
CFU/kg) levels of inoculum were used. The inoculation was performed in vac-
uum pouches by spraying the spore mixture evenly on the surfaces of solid
products or by thoroughly mixing the spore mixture into liquid products. The
vacuum pouches (250 by 500 mm) were prepared from nylon-polyethene multi-
ple-layer laminate films (Wipak Oy, Nastola, Finland) with an oxygen perme-
ability of 17 cm3/m2/24 h/atm (23°C, 50 to 70% rH) and a water vapor perme-
ability of 1.3 g/m2/24 h (23°C). Samples were vacuum packaged (Multivac A
300/16 1986; Multivac Verpackungsmaschinen, Wolfertschwenden, Germany)
immediately after inoculation.
Thermal processing. The samples were cooked in a process autoclave (Stock
Pilot Rotor 900 G; Hermann Stock Maschinenfabrik GmbH, Neumu¨nster, Ger-
many) by using either full water immersion or water spray circulation cooking,
depending on the product. Uninoculated samples were used to probe (Ellab;
Ellab A/S, Roedovre, Denmark) measure the core temperature during the pro-
cess. The temperatures measured at the coolest part of the product as a function
of processing time were used to calculate the inactivation ratio (P/t) for each
processing time by using the formula P/t 5 10(T 2 Tref)/z (5), where P is the
pasteurization value (minutes) and t is the processing time (minutes) at the
actual temperature, T (degrees Celsius). Tref is the reference temperature related
to pasteurization process. z value is the temperature change (degrees Celsius)
necessary to change the decimal reduction value (D) by a factor of 10. Of the
nonproteolytic serotypes, type B has the most heat-resistant spores. Accordingly,
the Tref and z values used in the present study, 82.2 and 16.5°C (D 5 32.3 min),
respectively, were those for type B (4). P values for each product (Table 1) were
calculated by integrating the inactivation ratio curve over processing time. After
the thermal process, the samples were cooled to 13 to 40°C in the autoclave with
cold water either by spraying or by full immersion depending on the method used
in the heat process. The final cooling to 2°C was accomplished in cold storage.
Storage conditions and sampling procedures. After processing, samples of
each product were stored at 4 and 8°C. The samples were analyzed for the
presence of C. botulinum type B, E, and F cells and botulinum neurotoxin after
the shelf life typically recommended for a corresponding commercially available
product and 7 days after that. The analyses were performed with three parallel
samples for each storage temperature and inoculum level. pH was analyzed for
four parallel inoculated samples immediately after processing and at both sam-
pling times after storage.
Microbiological quality (aerobic plate count [APC], number of sulfite-reducing
clostridia, lactic acid bacteria, and yeasts and molds) of selected products (no. 1,
3, 4, 5, 6, 7, 8, 10, and 11) was determined by using uninoculated samples in
parallel with sensory evaluation. All analyses were performed on single samples
in duplicate. The samples stored at 8°C were examined immediately after pro-
cessing, in the middle of the recommended shelf life, after the recommended
shelf life, and after the safe-storage time predicted by the Pathogen Modeling
Program (PMP).
Detection of C. botulinum. Twenty grams of each sample was examined for the
presence of C. botulinum type B, E, and F cells by PCR analysis as described by
Hielm et al. (21), with some modifications. The quantification was based on a
1-dilution-level most-probable-number (MPN) series (11). Briefly, 20 tubes con-
taining 10 ml of tryptone-peptone-glucose-yeast extract (Difco, Detroit, Mich.)
broth with 625 IU of lysozyme (Sigma Chemical Co., St. Louis, Mo.) per ml were
each inoculated with 1 g of thoroughly homogenized sample. Enrichment cul-
tures were incubated at 26°C in an anaerobic cabinet with an internal atmosphere
of 85% N2–10% CO2–5% H2 (MK III; Don Whitley Scientific Ltd., Shipley,
United Kingdom) for 3 days. Washed and boiled cells from overnight (18-h)
cultures were used as a template for PCR. DynaZyme DNA polymerase
(Finnzymes, Espoo, Finland) and a 96-well PTC-100 thermal cycler (MJ Re-
search, Watertown, Mass.) were used. The sizes of the amplified PCR products
were determined by agarose gel electrophoresis with comparison to standard
DNA fragments (DNA molecular weight marker VI; Boehringer Mannheim
GmbH, Mannheim, Germany).
Toxin analysis. The procedure for the assay of botulinum toxin followed the
Nordic Committee on Food Analysis protocol (35), with modifications described
by Hyytia¨ et al. (24).
pH analysis. pHs of homogenates of minced sample and distilled water in a
ratio of 1:1 (wt/vol) were determined with a digital Microprocessor pH 537
TABLE 1. Details of the 16 sous vide-processed products included in the study






1 Pork cubes 1,500 22.9 0.7 6.0–6.3
2 Pork cubes 1,500 153.5 0.7 5.8–6.1
3 Beef cubes 1,500 496.7 0.2 5.8–6.1
4 Beef cubes 1,500 186.7 0.7 5.6–6.1
5 Pork fillet 1,300 10.6 2.0 5.8–6.0
6 Beef roast 1,400 19.6 1.6 5.7–6.1
7 Beef roast 1,500 5.5 1.9 5.6–5.8
8 Ground beef 1,500 0.0 0.2 5.5–5.9
9 Beef liver cubes 1,500 450.8 0.3 6.1–6.3
10 Broiler fillets, marinade 1,000 83.9 1.4 5.9–6.1
11 Rice, vegetables, pork, seafood 1,500 102.0 1.9 5.8–6.0
12 Rice, water, milk 1,500 NDd (high) 1.1 6.1–6.7
13 Beef, pork, water, vegetables 1,500 2.5 1.3 4.8–5.1
14 Beef, vegetables, water 1,500 349.2 1.3 4.7–5.3
15 Water, potatoes, beef, vegetables 1,500 370.1 1.0 5.3–5.8
16 Pork, vegetables, water 1,500 118.9 1.0 4.9–5.3
a Main ingredients in diminishing order.
b P, pasteurization value based on the measured temperatures in the product during the processing.
c The pH range measured from the samples during the study.
d ND, not determined. The measurement did not completely succeed due to the high liquid consistency of the product.
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measuring device (Wissenschaftlich-Technische Werksta¨tten, Weilheim, Germa-
ny).
Determination of microbiological and sensory quality. The APC, lactic acid
bacteria, yeasts and molds, and sulfite-reducing clostridia were determined by the
methods of the Nordic Committee on Food Analysis (34, 36–38) by using plate
count agar (Difco), MRS agar (Oxoid, Basingstoke, United Kingdom), YGC
agar (Difco), and SFP agar base (Difco), respectively.
A trained laboratory panel of 10 judges evaluated the appearance and the
aroma of the uninoculated samples heated to a service temperature typical of the
product by using a five-point structured category scale (32). Each evaluation
contained a marked reference sample that was obtained from a fresh production
batch. In addition to a marked reference sample, in each session a fresh refer-
ence sample was hidden among the stored samples. A score of 2 on the category
scale indicated that there was a “just-detectable” deterioration in sensory quality
compared to that of the marked reference, a score of 3 indicated a “clearly
detectable but not unacceptable” deterioration, and a score of 5 indicated that
the judge had considered the sample unacceptable for human consumption. All
samples were evaluated twice, and means of scores were calculated over repli-
cates for each sample.
Predictive microbiological models. Food MicroModel (FMM), version 2.5
(Leatherhead Food Research Association, Leatherhead, Surrey, United King-
dom), was used to generate predictions for the lethal effect of each thermal
process on nonproteolytic C. botulinum spores. FMM and PMP, version 5.0
(U. S. Department of Agriculture Eastern Regional Research Center, Wynd-
moore, Pa.), were used to generate predictions for the safe-storage times after
processing with the assumption that all or one part of the spores survived the
thermal process.
The thermal death model for nonproteolytic C. botulinum type B by the FMM
has temperature (80 to 95°C), water-phase NaCl level (0 to 5%), and pH (4.0 to
7.4) as controlling factors. The model predicts the estimated minimum decrease
in the number of C. botulinum spores. The growth model for nonproteolytic C.
botulinum types B, E, and F by the FMM has temperature (4 to 30°C), pH (5.1
to 7.5), and water-phase NaCl concentration (0 to 4.5%) as controlling factors.
The minimum value for the initial number of organisms is 10 CFU/g. The
estimate of the safe-storage time was based on the calculated lag time for growth.
The time-to-turbidity predictive model for nonproteolytic C. botulinum type B by
the PMP uses temperature (5 to 28°C), pH (5.0 to 7.0), water-phase NaCl level
(0 to 4.0%), and initial number of organisms in the food (1 to 105 CFU/product
unit) as controlling factors. The safe-storage time was reported as the lower 95%
confidence limit of the tau, which is the time when the probability of growth
reached half of the maximum probability of growth over the entire storage
period.
The highest pH level measured from the samples of each product during the
study and the water-phase NaCl level analyzed by the raw-material suppliers
(Table 1) were used as input values in all predictions. The thermal death pre-
dictions were based on the lowest temperature recorded at the center of the
product, and heating and cooling times were taken into account. Since initial
number of organisms is not a controlling factor in the FMM growth model, 5.3
log CFU/kg was used as an input value in growth predictions. PMP time-to-
turbidity predictions were generated by using the FMM thermal death model
predictions as to the level of surviving spores in each product as an input value
for initial number of organisms. In both growth models, 5°C was used as the
lower storage temperature to enable the comparison of models.
RESULTS
During storage at 4 and 8°C, a distinct difference between
low- and high-inoculum samples was observed, in that substan-
tially fewer samples with a low inoculum were positive for C.
botulinum in PCR analysis and no toxigenesis was observed
(Tables 2 and 3). Storage temperature did not appear to have
a considerable effect on the number of PCR-positive samples
or on the number of C. botulinum bacteria in positive samples
at either inoculum level. However, toxigenesis was detected
only in samples stored at 8°C (products 1 and 8). Eighty-seven
percent of the PCR-positive samples contained serotype E.
The prevalence of serotypes B and F in positive samples was 15
and 9%, respectively.
The microbiological quality of the products studied re-
mained unchanged during the storage period at 8°C with APCs
being mainly ,1.0 log CFU/g. The highest counts (3.0 log
CFU/g) were detected in products 5 and 11. The numbers of
sulfite-reducing clostridia, lactic acid bacteria, and yeasts and
molds were below detectable levels (1.0 log CFU/g) in all
products studied. The sensory quality remained good with 4 of
the 126 evaluated samples having a mean score of 2 or below,
indicating that difference from the fresh reference sample was
just detectable in most cases, and all scores being below 3,
showing no unacceptable deterioration in examined samples.
Two distinct groups could be discerned among the 16 prod-
ucts subjected to challenge testing. A high-risk group consisted
of four products (no. 1, 7, 8, and 13) that had high numbers of
C. botulinum bacteria in PCR analysis with one or both inoc-
ulum levels at both sampling times and/or that showed toxi-
genesis (Tables 2 and 3). Two products (no. 14 and 16) were
designated safe since they were negative for C. botulinum cells
and botulinum neurotoxin at both sampling times in all differ-
ent treatment groups. Differences in P value, NaCl concentra-
tion, and pH were observed between high-risk and safe prod-
ucts (Table 4). The remaining 10 products presented increased
TABLE 2. Detection of nonproteolytic C. botulinum types B, E, and F by quantitative PCR analysis in sous vide-processed products with a
low inoculum level (2.0 log CFU/kg) after storage at 4 and 8°C until sell-by date and 7 days after sell-by date
Product no.
(recommended
shelf life in days)
No. of PCR-positive samples/no. of samples analyzeda
Sell-by date 1 wk after sell-by date
4°C 8°C 4°C 8°C
1 (14) 0/3 0/3 0/3 0/3
2 (30) 3/3 (1.19 6 0.61; E, B) 2/3 (0.83; E) 0/3 0/3
3 (21) 0/3 0/3 0/3 1/3 (0.41; E, B)
4 (14) 0/3 0/3 0/3 1/3 (1.16; B)
5 (10) 3/3 (0.41; E, F) 2/3 (0.60; E) 0/3 0/3
6 (30) 0/3 0/3 0/3 0/3
7 (9) 1/3 (0.41; E) 1/3 (0.41; E) 0/3 0/3
8 (21) 0/3 0/3 0/3 1/3 (0.74; E)
9 (21) 2/3 (0.83; E) 1/3 (0.41; E) 0/3 0/3
10 (21) 0/3 0/3 1/3 (0.41; E) 0/3
11 (21) 1/3 (0.41; E) 0/3 1/3 (0.90; E, B) 1/3 (0.90; B)
12 (21) 0/3 0/3 2/3 (0.41; E) 2/3 (0.72; B, E)
13 (21) 0/3 0/3 0/3 0/3
14 (30) 0/3 0/3 0/3 0/3
15 (21) 3/3 (0.74; E) 1/3 (0.74; F) 0/3 0/3
16 (21) 0/3 0/3 0/3 0/3
a Data in parentheses are mean MPN log CFU per kilogram in PCR-positive samples (standard deviation of the cell counts is reported if more than two parallel
samples were positive) and the serotype(s) detected, in diminishing order.
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botulism risk by being positive in PCR analysis on one or
several occasions.
According to the thermal death predictions by the FMM, 5
of the 16 products studied (no. 3, 9, 12, 14, and 15) had a
thermal process that appeared to meet the Advisory Commit-
tee on the Microbiological Safety of Food requirement of a
6.0-log-unit reduction and would be adequate to eliminate the
spores in the high-inoculum samples (Table 5). In seven prod-
ucts (no. 3, 9, 11, 12, 14, 15, and 16), the predicted reduction in
spore numbers appeared to be adequate to achieve the 2.0- to
2.3-log-unit reduction required to eliminate the spores in low-
inoculum samples. The thermal death predictions agreed well
with the measured P values but not with the observed PCR
results. The safe-storage times predicted by the FMM were in
general substantially shorter than those predicted by PMP (Ta-
ble 5). According to the FMM prediction, only three products
(no. 13, 14, and 16) appeared to be safe within the limits of
their recommended shelf life regardless of the storage temper-
ature. According to the PMP, all products were safe at 5°C with
the low inoculum level, but only 6 (no. 3, 9, 12, 14, 15, and 16)
of the 16 products were safe within the limits of their recom-
mended shelf life if storage temperature and initial number of
surviving spores were increased.
DISCUSSION
Due to the ubiquitous spread of C. botulinum in nature (17,
19, 20), contamination of raw ingredients of food products by
botulinal spores is possible and even probable. However, the
number of spores in different foods has been generally re-
ported to be low (17, 18, 23, 26). The challenge tests of this
study were designed to simulate as closely as possible the
natural contamination level in foods (low-level inoculum) and
to present a worst-case scenario to obtain an adequate margin
of safety (high-level inoculum). The results gained from the
inoculation studies question the current recommendations for
safe processing set out by the Advisory Committee on the
Microbiological Safety of Food. Based on the calculated P
values, the thermal processes of five products (no. 3, 9, 12, 14,
and 15) appeared to be adequate to achieve the 6-D reduction
in botulinal spores (criterion: the ratio of P value to processing
time required for 6-D reduction being $1) which is recom-
mended to ensure the safety of refrigerated processed foods of
extended durability with respect to nonproteolytic C. botuli-
num (1, 3). However, only one of these products (no. 14) was
determined to be safe in challenge tests. The results of the
inoculated pack studies revealed that the majority of thermal
processes were inadequate to eliminate the spores even with
the low inoculum level. The presence of botulinal spores in
nonsterile low-acid vacuum-packaged foods must be consid-
ered a serious risk due to the high probability of temperature
abuse and mishandling of these types of products (8, 16, 27).
The botulism risk of sous vide products is additionally in-
creased by the absence of spoilage flora and by the long sen-
sory shelf life which allows toxigenesis before sensory spoilage
occurs. However, to our knowledge, sous vide products have
not been implicated as a cause of a botulism outbreak so far.
The comparison of high-risk products with safe products
pointed out the factors contributing to the increased botulism
risk. A low P value seemed to be the most significant single
factor increasing the botulism risk in the products. A consid-
erable overlap was observed in NaCl content and pH values
between different risk groups, though high-risk products
TABLE 3. Detection of nonproteolytic C. botulinum types B, E, and F by quantitative PCR analysis in sous vide-processed products with a
high inoculum level (5.3 log CFU/kg) after storage at 4 and 8°C until sell-by date and 7 days after sell-by date
Product no.
(recommended
shelf life in days)
No. of PCR-positive samples/no. of samples analyzeda
Sell-by date 1 wk after sell-by date
4°C 8°C 4°C 8°C
1 (14) 1/3 (0.74; F) 3/3 (1.91 6 2.01; E) 1/3 (2.18; E) 3/3 (1.93 6 1.75; E)b
2 (30) 3/3 (0.80 6 0.16; E, B) 3/3 (0.55 6 0.23; E) 0/3 0/3
3 (21) 0/3 2/3 (1.01; E) 1/3 (0.41; B) 2/3 (0.60; E)
4 (14) 0/3 0/3 0/3 0/3
5 (10) 2/3 (0.41; E, F) 2/3 (0.41; E) 0/3 0/3
6 (30) 0/3 0/3 1/3 (0.41; E) 0/3
7 (9) 2/3 (0.41; E) 1/3 (0.41; E) 3/3 (1.70 6 1.43; E) 2/3 (1.50; E)
8 (21) 3/3 (1.36 6 0.79; E) 3/3 (0.97 6 0.79; E)b 0/3 0/3b
9 (21) 1/3 (0.90; E, B) 0/3 0/3 0/3
10 (21) 0/3 0/3 0/3 0/3
11 (21) 0/3 0/3 0/3 1/3 (0.41; E)
12 (21) 0/3 0/3 2/3 (1.19; E) 3/3 (0.94 6 091; E)
13 (21) 2/3 (1.54; E) 1/3 (0.41; E) 3/3 (1.41 6 1.58; E) 1/3 (1.04; E)
14 (30) 0/3 0/3 0/3 0/3
15 (21) 0/2 0/3 0/3 0/3
16 (21) 0/3 0/3 0/3 0/3
a Data in parentheses are mean MPN log CFU per kilogram in PCR-positive samples (standard deviation of the cell counts is reported if more than two parallel
samples were positive) and the serotype(s) detected, in diminishing order.
b One sample contained botulinum neurotoxin.








P valuec 7.7 (0.0–22.9) 234.1 (118.9–349.2)
NaCl (% [wt/vol])d 1.0 (0.2–1.9) 1.2 (1.0–1.3)
pHd 5.8 (5.1–6.3) 5.3
a Samples strongly positive for C. botulinum and/or botulinum neurotoxin at
both sampling times.
b Samples negative for C. botulinum and botulinum neurotoxin at both sam-
pling times.
c Means of the lowest values measured for each product and the range.
d Means of the highest values measured for each product and the range.
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tended to have slightly lower NaCl concentrations and higher
pHs than safe products. The growth and inactivation of micro-
organisms can be substantially affected by food type (42). The
main ingredient of the four high-risk products was meat, while
both of the two safe products contained a large amount of
vegetables. It has been observed that the high fat content in
meat-based foods can increase the heat resistance of microor-
ganisms (2, 22). Moreover, meat contains high amounts of
osmoprotectants (e.g., proline, betaine, and carnitine), essen-
tial amino acids, and lytic enzymes (lysozyme) which either
increase the heat resistance of botulinal spores or facilitate the
germination and growth of the heat-injured survivors (42). On
the other hand, certain vegetables have been reported to sup-
press the growth of nonproteolytic C. botulinum due to their
inherent antibotulinal characteristics such as low pH, inade-
quate nutrient contents, or antimicrobial compounds (6, 28).
Overall, the results of the PCR analyses indicated that very
little growth occurred during the storage. Toxin production by
nonproteolytic C. botulinum has been shown to occasionally
occur with very weak growth or no detectable growth (6, 14, 24,
25). It is also possible that all true C. botulinum-positive sam-
ples were not detected due to the large size of the samples and
the low inoculum levels. Despite thorough homogenization at
the time of inoculation and sampling, the spores were probably
unevenly distributed. Only a single 20-g aliquot from each
1,000- to 1,500-g sample was examined for the presence of
botulinal spores, with the detection limit of the PCR method
used being 0.4 log CFU/kg. Some products, on the other hand,
were positive for botulinal spores at the first sampling but
negative in the second. This correlates with the observation
that the number of microorganisms is known to decline over
time when placed in an adverse environment (31). None of the
intrinsic factors (NaCl and pH) of the products alone was
inhibitory to the growth of C. botulinum. However, when sub-
lethal levels of NaCl and pH were combined with low storage
temperature, the conditions may not have allowed for the
survival of heat-injured spores (29).
To our knowledge, the predictive models used in the present
study have not been previously validated in sous vide products
with respect to nonproteolytic C. botulinum. The predictions by
the FMM thermal death model were found to be unreliable in
the 16 sous vide products studied. The model appeared to give
high values for the logarithmic reduction of spores, since
spores were observed even in those products with a low inoc-
ulum level which were predicted to have 6-D reduction in
spore numbers. The FMM growth model predictions cannot be
directly compared with the data obtained from the present
challenge tests, since the model predicts lag time for growth
and the observed results do not give evidence as to when
growth began. The PMP time-to-turbidity model appeared to
generate long safe-storage times for low-inoculum samples,
since spores and/or slight growth was detected in most prod-
ucts. However, with the high inoculum level the model pre-
dicted considerably shorter safe-storage times for most prod-
ucts, including those that were considered to exhibit high risk.
The failure of both growth models to predict safe-storage times
for different types of vacuum-packaged fishery products with
respect to C. botulinum type E and Listeria monocytogenes has
been recently reported (7, 25). The poor agreement of pre-
dicted and observed results in the above-mentioned studies
and in this study was partly due to the limited number of
controlling factors in the models. For example, the level and
nature of the natural bacterial flora in the products and the
product formulation have an effect on growth by food-borne
pathogens. The models have been developed in broths under
constant conditions and do not account for different changing
variables in food products and characteristics of different bac-
terial strains that affect microbial behavior (41, 47). Addition-
ally, in many cases the levels of the controlling factors in the
products studied were simply out of range or operated near the
outer limits of those set by the models, which contributed to
inaccurate predictions. With these types of products, models
should not be used. Instead, safety evaluation should be done
by inoculation studies.
TABLE 5. Thermal inactivation of nonproteolytic C. botulinum spores based on the measured temperatures during the processing of 16 sous
vide products as predicted by FMM and safe-storage times as predicted by FMM and PMP
Product no.
(recommended
shelf life in days)
Predicted reduction
in amt of spores
(log units)
Lag time for growth
by FMM (days)a
Time to turbidity by PMP (days) for initial no. of nonproteolytic
C. botulinum bacteria before thermal processing (log CFU/kg)
5°C 8°C
5°C 8°C
2.0 5.3 2.0 5.3
1 (14) NEb 7 3 32 ,4.4c 18 ,2.4c
2 (30) 1.4 9 3 .42d 13 23 7
3 (21) .12.0 9 3 .90 .90 .90 .90
4 (14) 1.6 9 3 .42d 15 22 9
5 (10) NE 13 5 .38d ,4.0c 9 ,2.3c
6 (30) NE 10 4 .36d ,4.0c 21 ,2.2c
7 (9) NE 19 8 .42d ,4.4c 25 ,2.5c
8 (21) NE 12 5 42 ,6.2c 24 ,3.5c
9 (21) .12.0 7 3 .90 .90 .90 .90
10 (21) 0.5 9 4 .41d 48 24 3
11 (21) 2.2 13 5 .90 22 .90 13
12 (21) .12.0 7 3 .90 .90 .90 .90
13 (21) NE .90 60 .52d ,7.3c 44 ,4.5c
14 (30) 6.1 .90 .69 .90 .90 .90 .90
15 (21) .12.0 21 15 .90 .90 .90 .90
16 (21) 3.8 .90 .65 .90 .50d .90 43
a The initial number of nonproteolytic C. botulinum bacteria before thermal processing was 5.3 log CFU/kg.
b NE, no effect; processing temperature was below the limits of the model.
c The initial number of organisms was outside the limits of the model.
d The result was extrapolated from the probability curve generated by the model.
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The results of the present study indicate that the safety of
sous vide products with respect to nonproteolytic C. botulinum
has to be carefully evaluated product by product. An increase
in processing time and temperature would seem a logical so-
lution in view of the difference in the P values observed be-
tween high-risk and safe products. However, the degree of
benefit gained from increased thermal processing is obviously
greatly dependent on the type of product. Additionally, ad-
verse effects on sensory and nutritional qualities by increased
thermal treatment are the opposite of the original idea of sous
vide processing. Another alternative to improve safety would
be to add additional hurdles to products. Biopreservatives,
such as nisin and organic acids, are known to have an anti-
botulinal effect (33, 43, 45). However, even a slight change in
formulation or processing conditions warrants a safety evalu-
ation by challenge tests since the predictive models available to
date appear to frequently provide misleading predictions. Fur-
thermore, use of time-temperature indicators in individual
product packages would record the storage history of a product
(40, 44) and might lead to enhanced temperature control in
chill chains. Additionally, for evaluators to be able to make
confident risk assessments and to avoid being unnecessarily
overcautious, additional data on the prevalence and numbers
of spores of psychrotrophic C. botulinum in different categories
of sous vide-processed foods is needed (13).
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